Radiometric tracking Doppler
)
the scientific investigation of the gravitational redshift phenomenon as the spacecraft moves in and out of the gravitational fields of massive bodies in the solar system, as predicted by Einstein's theory of general relativity, and
2)
engineering evaluation of the US0 frequency and frequency stability for calibration purposes, and to evaluate the health and performance of the USO. These calibrations serve as a baseline for Radio Science experiments, such as the Redshift Observation and occultations of Jupiter and its satellites.
The US0 is a dual oven-controlled oscillator with an AT-cut quartz crystal (Si0 ) resonator. The output frequency of lb. 124980 MHz is multiplied by 120 to produce the transmitted signal frequency (-2.29 GHz).
There were 82 data acquisition passes conducted between launch (Oct. 1989) and Nov. 1991. Each pass consisted of about two hours of Doppler data sampled at one per sec, received by the DSN antennas using Hydrogen-masers as frequency and timing references. The Doppler were converted into estimates of spacecraft transmitted frequencies and frequency residuals after removal of the spacecraft trajectory and other effects.
The USO-referenced frequencies showed a significant positive logarithmic increase shortly after initial turn-on, which is probably due to the liberation of contamination on the crystal vibrator surfaces acquired during the long period of inoperation prior to launch. A least-squares fit to an aging model (combination logarithmic curve and linear drift) was applied to the estimated frequencies of the 76 passes acquired during the first inflight US0 on-of f cycle (Dec. 1989 to Aug. 1991). The residuals showed a large systematic variation shortly after initial turn-on.
Since the aging behavior during this period is complex, the first twelve passes were removed, and the model was fit to the remaining 64 passes.
The resulting post-fit residuals showed no significant systematic variation. It is believed that the variations of the 17 mHz rms residual scatter are due to the random walk of the US0 or possible unknown mismodeling. It took a little over a year of continuous operation before the US0 reached its linear aging realm (-5.6
x l0-l2/day) . The US0 was powered-off and back on in Aug. 1991 with no adverse effect on its performance.
The average Allan deviations at 1-S and 10-S correlate well with spacecraft range, and fall as T-'. This is consistent with white PM noise dominating at these time scales due to the low SNR's expected from using the Low Gain Antennas. The Allan deviations at 100-S and 1000-S agree with preflight US0 stability results at these time scales. The Galileo US0 appears to be healthy and functioning normally.
Introduction
This is an article on the efforts to characterize the instrument used for the Galileo Radio Science investigation. It discusses the performance of the Ultra Stable Oscillator (USO), which, when the spacecraft and ground elements of the instrument are configured in the one-way mode, is the limiting error source observed in the received Doppler data at time intervals where there is sufficient signal power. of 120 to produce the 2.29 GHz transmitted signal. The S-band Traveling Wave Tube Amplifier (TWTA) amplifies the signal it receives from the S-band exciter to either one of two power levels; the high-power mode (27 watts) or the low power mode (9 watts). The TWTA has routinely been configured to the high-power mode. The S-band TWTA provides the amplified RF output to the HGA/LGA transmit switch of the S-band antenna switch, which connects the outputs of the S-band TWTAs to either the HGA or the LGA. If the HGA is ever to be successfully deployed, an X-band ( 8 . 4 GHz) transmitted signal will also become available and its frequency will be 1113 of the S-band signal frequency .
All of the data acquired were at 2.3 GHz and Right Circularly Polarized. The signal was transmitted from the spacecraft via either LGA-1 or LGA-2 (Low Gain Antennas).
LGA-1 is located on the spacecraft spin-axis in front of the HGA tip sunshade.
LGA-2 is located on a boom 3.58 m away of the spin axis, and is pointed in the direction opposite that of HGA and LGA-1. Both LGAs work at 2.3 GHz only.
LGA-2 was utilized for the period right after launch and the period right after the Earth I encounter. The time periods of the spacecraft LGA configuration for the data set analyzed in this article are given below; 10/18/89 to 03/15/90
LGA-2 03/15/90 to 12/08/90
LGA-1 12/08/90 to 01/31/91
LGA-2 01/31/91 to 11/30/91
LGA-1
The Galileo spacecraft is a spinstabilized spacecraft which rotates at about three rpm.
IV. Ground Data System Confiquration
The DSN configuration was also that of normal cruise tracking. The radio metric data were sampled at a rate of one per second using a loop filter bandwidth of 10 Hz. For all of the passes , hydrogen-masers were the frequency and timing references at the ground stations. The overall stability of the ground system (frequency reference, receiver, cables, etc.) is expected to be about l~lO''~ at 1000 sec, which is far more stable than the
USO.
The following data products are received for each pass; an ATDF tape containing the closed-loop Doppler data, a pass folder from the DSN containing copies of frequency predictions , operator logs and related material, and a spacecraft trajectory vector file from the Galileo Navigation Team.
V. Analysis Software and Techniques
The analysis was performed on the Radio Science Support System RODAN (Radio Occultation Data Analysis Network) computer which includes a Prime 4050 computer, a Floating Point Systems (FPS) array processor, two magnetic tape drives and other peripherals. The system is accessible by a set IBM PS12 terminals as well as two Sun workstations.
Although the analysis tools used for this work were inherited from the Voyager Project, there were enough differences in configuration and procedures in the Galileo Project that non-trivial modifications were made to the software and techniques. The analysis software was upgraded to estimate more accurately the spacecraft transmitted frequency and the frequency residuals used for the stability analysis, including installation of code to model the effects introduced by a spinning spacecraft.
The data were processed by the STBLTY software program set. The functions of each of the component programs (see Fig.  1 ) are described below.
The program OCEP reads the doppler counts and doppler extractor reference frequency from the input Archival Tracking Data File (ATDF) tape, converts these to sky frequencies, and writes the time-tagged frequency data and related information to the F50 file.
The program GETTRAJ reads the spacecraft state vectors from the Navigation Team provided Celestial Reference Set (CRS) trajectory file, performs vector manipulations and lighttime solutions, and writes the F45 output file containing the time-tagged spacecraft position and velocity vectors relative to the sun and the observing ground station. Details of the orbit determination solutions determined by the Galileo Navigation Team used to generate the trajectory are given elsewhere [4].
The program RESID reads the output files of the two previous programs (F50 sky frequencies and F45 trajectory vectors). Model sky frequencies are estimated from the trajectory vectors, and are corrected for troposphere, spacecraft spin, gravitational redshift and, if applicable, the spinning offaxis LGA-2 antenna induced doppler signature. The spacecraft transmitted frequency is estimated at the time tag of the first data point, and the frequency residuals are computed by differencing the observed sky frequencies from the estimated sky frequencies for each data point. The troposphere model is a simple zenith path delay translated to the line-ofsight elevation angle. A spacecraft spin model correction is applied to the estimated downlink frequency and residuals. Once all of the U S 0 passes have been processed through the above programs, the data base file will contain a set of records for each processed pass. This file is then processed through the programs FITUSO and USOSMRY.
The program FITUSO reads the frequencies from the data base, and fits and removes an aging model. The resulting post-fit residuals are written onto a previously blank field of the data base. The user can specify how many passes to skip, how many passes to accept and where the break between logarithmic and linear aging behavior occurs.
The program USOSMRY reads the U S 0 data base and displays graphically any requested quantities from a menu of available data types. For three passes where LGA-2 was the signal source 91-01-14 (91-014), 90-01-09 (90-009) and 90-12-10 (90-345), dynamic activity occurred on-board the spacecraft which introduced phase shifts into the data. The result is that the fit of the sinusoidal model failed to remove all of the induced off-axis LGA-2 Doppler signature, resulting in residuals as exemplified in Fig. 11 for pass 91-014. In thie specific case, tape recorder motion was known to occur, where the envelope changes in Fig. 11 correlate with the tape recorder start and stop times. Fig. 12 illustrates the resulting degradation to the Allan deviation (compare with Fig. 5) . Pass 90-345 occurred after the Earth I flyby where several activities occurred onboard the spacecraft which introduced dynamic motion. Commands which introduced dynamic motion on the spacecraft also occurred during pass
VI. Analysis Results

A. General Sinqle Pass Results
Eighty
90-009.
In these cases, the dynamic activity was assumed to be symmetric about the center of weight of the spacecraft and thus appeared not to have biased the estimated spacecraft transmitted frequencies which are determined at the first data point, and then translated to the center of weight of the residuals over the full data span. The Allan deviations for these passes were however degraded. The estimated spacecraft transmitted frequency appears reasonable, however, the Allan deviations were degraded as expected.
D. Stabilitv Analvsis Results
The 89-341, 89-350) where the significant increasing frequency dynamics adversely dominated the Allan deviation measurements at 1000 sec.
The measured means and errors of the Allan deviations are given in Table  2 for each time interval (outlier passes were removed as well as three passes where there were insufficient data to estimate Allan deviations at 1000 sec). The pre-flight Allan deviation measurements of the Galileo U S 0 for these time intervals are also presented in Fig.  18 is a plot of the averages of the measured flight Allan deviations with t h e p r e -f l i g h t m e a s u r e m e n t s superimposed.
For 1 and 10 sec, the measured flight Allan deviations significantly exceed the pre-flight Allan deviations. This was expected since it is known that wideband thermal system noise (white phase noise) dominates at these time intervals due to the low signal-to-noise ratios resulting from using Galileo's low gain antennas. The flight Allan deviations for individual passes agree with estimates derived fromthe measured signal levels, system noise temperatures (-20 K) and receiver bandwidth (10 Hz). The Allan deviations at 1 sec (Fig. 14) and 10 sec (Fig. 15) also correlate with spacecraft range (compare with Fig. 19) . If the HGA ever becomes available, and if there is an opportunity to turn off the telemetry modulation to increase the signal strength, there will better visibility of the true US0 performance at the l-sec and 10-sec time intervals.
The average of the flight Allan deviations at 100 and 1000 sec agree with the corresponding pre-flight values in Table 2 and Fig. 18. This implies that the flight data are dominated by the true behavior of the U S 0 at these time intervals. The apparent large scatter of the 100-sec (Fig. 16) and 1000-sec (Fig. 17) Allan deviations is in agreement with theoretical values using equations derived by Lesage and Audoin [6] .
The hump at 70-sec in the preflight values in Fig. 18 has been attributed to the thermal oscillation of the inner oven current driven by noise ( C . Wood, private communication). The consistent behavior of the flight data between 100 S and 1000 S with the preflight measurements at these time intervals implies that this effect is visible in the flight data.
In the absence of this thermal cycling, one would then expect the Allan deviation behavior to be flat over these time scales, and thus be consistent with flicker frequency noise.
The expected noise due to unmodeled media fluctuations lies well below this level at these time intervals.
The Allan deviation behavior for the flight data measurements can be broken down into several regions.
The Allan deviation in the 1 to 10 sec region falls roughly as
characteristic of white phase noise dominating at these time intervals. The US0 behavior here is masked by this noise at these time scales. The behavior of the region from 100 to 1000 sec can be interpreted as being consistent with the known inner-oven thermal cycling effect being superimposed on a flicker frequency noise floor (using the preflight measurement information). Between 1000 sec to about 40000 sec, one can assume a continuation of the flicker noise floor upon inspection of the preflight measurements and error bars.
E. Siqnal Levels
The Galileo passes have relatively low signal levels which run from about -140 dBm shortly after launch and around Earth I flyby to as low as -170 dBm. The receiver threshold is typically about -176 dBm. As previously discussed, the Allan deviations derived from the measured signal levels using thermal noise theory are consistent with the measured Allan dejiations at 1 and 10 sec. The signal level behavior also correlates well with spacecraft range (Fig. 19) .
After correcting the received signal levels for receiver station antenna gain, space loss, spacecraft LGA antenna gain, and telemetry state carrier suppression, the resulting spacecraft transmitted power levels at the Radio Frequency Subsystem/Antenna interface of the spacecraft were computed. These mean values were in good agreement with the expected power levels, and were within the known calibration uncertainties at the ground stations.
F. Analvsis of Spacecraft Transmitted Frequency Measurements
The frequency transmitted by the spacecraft was estimated for all 82 passes. Fig.  20 displays the USOreferenced spacecraft transmitted frequencies as estimated by STBLTY. Each point on the plot is the U S 0 frequency estimated at the first time tag for that pass and then corrected to the center of weight of all of the residuals over that pass. The assigned uncertainties of the estimated frequencies run about 3 mHz and are dominated by the uncertainty inferred by not performing an ionosphere correction. The plot is annotated with the times the U S 0 was powered on and off. The time axis is in days since Jan. 1, 1989. The US0 was initially poweredon in flight on December 5, 1989 (DOY 339). There was one instance of cycling the US0 off (91-217) and then back on (91-228) in this data set.
A preliminary pass of a few minute duration was conducted shortly after initial turn-on on Dec. 5, 1989 (and after the inter-oven current was allowed to stabilize) in order to verify operation of the USO. Here the frequency was observed to be increasing at a very high rate, exhibiting dynamic behavior due to early impurity migration and/or stress relief resulting in the very poor stability expected shortly after turnon. The first valid US0 pass was conducted on Dec. 7, 1989, several hours after initial turn-on.
Changes in the US0 frequency with time are referred to as resonator aging. In general, the principal causes of aging are stress relief in the mounting structure of the crystal unit, mass transfer to or from the resonators surface due to adsorption or desorption of contamination, changes in the oscillator circuitry, and possibly changes in the quartz [ 71. Aging effects seen in this data set likely include surface liberation of impurities, impurity migration across and within the crystal, and stress relief. The significant positive logarithmic increase in frequency shortly after initial turn-on (see Fig.  20 ) is probably due to the liberation of contamination on the crystal resonator surfaces which were acquired during the long period of inoperation prior to launch ( R * Sydnor, private communication). The US0 was powered off for much of the time 1986-1989 that the spacecraft was dormant on the ground prior to launch. The linear region is expected to be reached after the US0 has been turned on for a sufficiently long enough period of time.
The curvature observed for the six passes conducted after the US0 was cycled off and back on in Aug, 1991 could be attributed to stress relief and migration of impurities.
During the first USO-on cycle (Dec. 1989 to Aug. 1991), 76 passes of US0 data were acquired. An aging model was removed from the estimated spacecraft transmitted frequencies for this period, so that the resulting residuals could be analyzed, and remaining error sources could be identified. The model removed was that of a combination logarithmic curve and a linear aging drift; f,,, = c, log, [C, ( t -t o ) + l 1
-t,) f o r t < tb fs/c = c 5 + c 6 ( t-tb) f o r t 2 tb
where tQ is the time tag of the first data pomt, and tb is the time tag of the first data point of where the linear aging realm begins. C1-C6 are constant coefficients, which were estimated by least-squares analysis.
The initial attempt to fit this model over the data acquired during the first USO-on cycle, resulted in the residuals displayed in Fig. 21 . A large systematic variation is evident for passes occurring shortly after the US0 was powered on, suggesting that the model is insufficient for this period. The rms scatter of the residuals is about 48 mHz with a x2n of 272. Since the behavior of the US0 is known to be complex during this period and not easily modeled (initial stabilization phenomena masks the aging behavior), the first twelve passes were deleted, and the model was fit to the remaining 64 passes.
The corresponding post-fit residual plot of Fig. 22 displays significantly less scatter and no significant systematic variation.
The rms residual scatter of this fit was 17 mHz with a X',., of 35. It is believed that the 17 mHz variations are due to the random walk of the US0 or mismodeling. In an attempt to identify any mismodeling, the post-fit residuals were examined against troposphere correction, spacecraft-earth-sun angle, elevation angle, spacecraft range, signal level correction, station ID, US0 oven current (from telemetry), and spacecraft temperatures (from telemetry).
No apparent correlations or trends were detected.
The 17 mHz rms scatter of the estimated flight frequencies about the aging model is consistent with the level of random walk inferred from extrapolating the pre-flight Allan deviation measurements as T ' to a weekly time interval. However, a portion of the 17 mHz scatter could possibly be attributed to some yet to be identified mismodeling.
was estimated to be about 71 days. Tie turnover of the curve occurred 259 days after initial turn-on. The slope of the linear agi g region was estimated to be -1.50 x l o -' Hz/sec which is in agreement with the measured slope of the Voyager 2 US0 (-1.28 x Hz/sec) It is preferred that once the
US0
is switched on, it is left on so that it is allowed to reach the linear aging realm where it should remain for the duration of the Galileo activities. The linear aging realm allows USO-referenced (one-way) Radio Science experiments such as the gravitational redshift experiment (AGC) I gravitational redshift
The logarithmic time constant C and planetary occultations to be accurately calibrated.
Since August 1991, the US0 was switched off and back on in support of cooling turns as part of the effort to free the High Gain Antenna (HGA) stuck ribs (in conjunction with corresponding warming turns). The US0 and its heater were powered-off on Aug. 5 , 1991 (91-217). There were six passes conducted after the US0 was powered back on Aug. 16, 1991 (91-228) . The estimated spacecraft transmitted frequencies for these passes display a smooth continuity in time ( see Fig. 23 ) A simple four-parameter aging model was fit to these frequencies yielding a post-fit rms scatter of 3 mHz. Although the number of points and time period were insufficient to infer an accurate linear aging rate, this result suggests that the US0 is behaving in a reasonable manner during this period. The US0 was again turned off after this time period. If the US0 had been allowed to remain on, it was expected that not as long of a period would be required for it to reach its linear aging realm as was the case during the first data set (89-341 to 91-154). The Allan deviations appear consistent with those of the first onoff data set, although two of the passes have somewhat higher values.
G. Retrace
If the US0 and its heater are turned off, and then turned back on, the crystal will oscillate at a different frequency which is difficult to predict. This phenomena known as "retrace" is defined as the nonrepeatability of the frequency vs. temperature characteristic at a fixed temperature upon on-off cycling of the oscillator [7] . An example of "retrace" is the 12 Hz jump between passes on 91-154 and 91-247 (see Fig. 20 ). Between these passes, the US0 and its oven were turned off for an eleven day period in Aug. 1991 14  14  14  14  14  14  14  14  14  63  43  43  43  43  43  43  43  43  43  43  43  43  43  43  43  43  63  43  43  43  43  14  14  14  43  14  43  43  43  43  43  14  43  63  43  43  63  43  43  63  63  63  63 
